Abstract. In this study, we present a method to remove ocular artifacts from electroencephalographic (EEG) recordings. This method is based on the detection of the EOG activation periods from a reference EOG channel, definition of covariance matrices containing the nonstationary information of the EOG, and applying generalized eigenvalue decomposition (GEVD) onto these matrices to rank the components in order of resemblance with the EOG. An iterative procedure is further proposed to remove the EOG components in a deflation fashion.
Introduction
Electroencephalography (EEG) is a widely used technique for analyzing and interpreting human cerebral activity. EEG signals are usually interpreted by means of spectral and topographical measures that reflect global activity of the brain network. However, EEG measures are always contaminated by non-cerebral signals, which may disturb the interpretation of the brain activity. This issue has become a recurrent problem, for example in Brain-Computer Interfaces (BCI), where it has been proved to decrease classification error rates [11] .
Ocular artifacts generally occur during blinking or saccades of the eye, and are featured by high amplitude transient artifacts that defect the EEG. They are best recorded by an Electrooculogram (EOG) electrode or a pair of electrodes located close to the eyes. The high amplitude peaks are not seen on all channels, but mainly (and almost exclusively) on the fronto-paretal channels in combination with the occipital electrodes. These peaks are considered as one of the most considerable artifacts in EEG studies [7] .
A common way of removing these artifacts is to apply independent component analysis (ICA) on multichannel EEG recordings and to remove the components which show a maximal correlation with a reference EOG channel [6, 5] . However, it is not always possible to associate the components extracted by ICA to the EOG in an automatic and unsupervised manner. Moreover, EEG recordings can be rather noisy, and since ICA is based on a measure of independence (and not a measure of signal "cleanness"), the noise in the input channels can be amplified in the output, which again makes the detection of the true EOG component rather difficult. Lastly, most ICA methods are blind to Gaussian noise and as a consequence spread the Gaussian noise among the components.
Another common way of removing EOG artifacts from the EEG is to use a subtraction-based approach [8] . Here, the idea is to use the clean EOG recordings to remove ocular signals from EEG by a simple subtraction of a scaled EOG. Yet there is no evidence that EOG recordings are free of EEG. Thus by subtracting EOG we can also remove EEG signals of interest.
In recent works we have shown the applicability of Generalized Eigenvalue Decomposition (GEVD) for separating pseudo-periodic maternal ECG from fetal ECG signals recorded from the maternal abdomen [9] . In that work, one of the advantages of GEVD over other source separation techniques was the ability of ranking the extracted components in order of periodicity, which provided a means of automatic and unsupervised ECG decomposition and filtering. In this work, we develop a similar idea based on GEVD for the automatic detection and removal of EOG artifacts from multichannel EEG recordings.
The remainder of this paper is organized as follows: in section 2, we present a general nonlinear framework to decompose signals into independent subspaces using GEVD; the results of this method are presented in section 3 over simulated and real signals. The last section is devoted to conclusion and perspectives.
Method

Linear Transform
Suppose that we have an array of N EEG channels x(t), and a reference EOG channel denoted by EOG(t). Due to the spiky nature of the EOG, it is possible to detect the onset and offset times of the EOG artifact from the reference EOG channel. To do so, we define E(t), the averaged power of the EOG signal (or, alternatively the variance) within a sliding window of length w around t, as
Using this definition, an EOG is detected whenever E(t) passes some predefined threshold th. The active periods of the EOG may therefore be defined as
As we will note later, the procedure of finding the offsets and onsets of the EOG does not need to be perfect, and the results can be further improved in a recursive procedure. We now seek linear transforms of the multichannel recordings x(t), that maximally resemble the EOG (in the sense that the power of the extracted signals
